Diet-induced obesity induces immune cell infiltration and inflammation in peri-ovarian adipose tissue and mRNA expression of inflammatory markers in ovarian tissue. Whether these changes are associated with obesity-related ovarian dysfunction remains unknown. In the present study, qRT-PCR and Western blotting techniques were used to compare mRNA and protein abundance of ovarian immune cell and inflammation markers, along with NF-kappaB and steroidogenic pathway members in normal wild-type non-agouti (a/a; lean) and lethal yellow mice (KK.CG-A y/ J; obese) at 6, 12, 18, or 24 wk of age. Our data revealed that, beginning at 12 wk of age, NF-kappaB inflammatory signaling members were elevated (P , 0.05) in obese females. Interestingly obesity had opposing and temporal effects on the steroidogenic enzyme pathway. Obesity decreased (P , 0.05) STAR protein at 12, 18, and 24 wk of age. CYP11A1 and CYP19A1 proteins were increased (P , 0.05) at 12 wk but were decreased (P , 0.05) at 18 and 24 wk. Interestingly, CYP19A1 was increased in lethal yellow mouse ovaries at 6 wk of age, potentially indicating early puberty onset. These data demonstrate that obesity alters expression of ovarian inflammatory and steroidogenic pathway genes in ways which could adversely affect ovarian function.
INTRODUCTION
The mammalian ovary is essential for production of oocytes and the steroid hormones 17b-estradiol (E2) and progesterone (P4). E2 and P4 are required for reproductive function and development of female secondary sex characteristics [1] [2] [3] [4] . Circulating lipoproteins and de novo biosynthesis provide the steroid hormone precursor cholesterol to the theca (TC) and granulosa (GC) cells under the influence of luteinizing hormone (LH) and follicle stimulating hormone (FSH), respectively [3, 4] . Steroidogenic acute regulatory protein (STAR) mediates the transfer of cholesterol from the outer to the inner mitochondrial membranes of the TC or GC, where cytochrome P450 side chain cleavage (CYP11A1) catalyzes its conversion to pregnenolone [6] [7] [8] . Pregnenolone then exits the mitochondrial matrix to the cytoplasm where 3-beta-hydroxysteroid dehydrogenase (3b-HSD) converts it to P4 [9, 10] . GC lack critical enzymes (17a-hydroxylase and C17,20-lyase) for androgen production; thus, P4 diffuses to the TC where conversion to androstenedione under the action of the enzymes 17a-hydroxylase and C17,20-lyase occurs [3, 7] . Likewise, the TC lack CYP19A1 (aromatase), required for conversation of androgens to estrogen. Therefore, androstendione diffuses into the GC where CYP19A1 catalyzes its conversion to estrone and subsequently E2 by the action of 17b-HSD. Alternatively, androstenedione can be converted to testosterone by 17b-HSD, which diffuses to the GC to be aromatized to E2 by CYP19A1 [3, 7, 10] .
Obesity is a complex metabolic disorder associated with reproductive impairments [11, 12] . The deleterious effects of obesity on reproduction, including polycystic ovary syndrome (PCOS), poor oocyte quality, abridged fertility [11, 13] , and increased risk of birth defects and stillbirth [14] [15] [16] , have been long appreciated, but the underlying molecular mechanisms involved are unclear. Additionally, obesity alters ovarian steroid hormone synthesis and metabolism [17] potentially by modifying the expression and activity of steroidogenic enzymes. Obesity is linked with low-grade systematic inflammation, which is also implicated in infertility [12, 18, 19] . Macrophages and inflammatory pathways can serve as modulators of ovarian function [20] [21] [22] [23] . The chemoattractants interleukin 8 (IL-8) and chemokine (C-C motif) ligand 2 (Ccl2), are major inflammatory response mediators and are involved in ovarian follicular development, steroidogenesis, ovulation, and atresia [23] . Furthermore, IL-6, through its ability to modulate cyclic AMP (cAMP) [23] , potentially also regulates ovarian steroid production. Similarly, tumor necrosis factor (TNF) and IL-1 can stimulate ovarian P4 production [23] . The proinflammatory cytokines TNF-a and interleukins have been implicated in a number of ovarian pathologies [20] including PCOS [24] , ovarian hyperstimulation [25, 26] , ovarian cancer [27] [28] [29] , endometriosis [30] , and impaired steroid production [21] . Therefore it is possible that derangements in ovarian proinflammatory cytokine cues could compromise ovarian function and consequently lead to suboptimal fertility.
The lethal yellow mouse carries a deletion mutation in the normal wild-type non-agouti (a/a) background which results in ectopic expression of agouti in various tissues including hypothalamus and adipose tissue [31] [32] [33] . Hypothalamic agouti overexpression interferes with alpha-melanocyte-stimulating hormone (a-MSH) and cocaine-and amphetamineregulated transcript (CART) by inhibiting the MSH receptor [34] , leading to hyperphagia [32, 34] . Hence this serves as a useful model for understanding the effects of progressive obesity on ovarian function. The main objective of the present study was to determine the effects of obesity onset and progression on expression of ovarian proinflammatory and steroidogenesis pathway members in mice. To achieve this objective, changes in gene expression between the normal wild-type non-agouti a/a (lean) and lethal yellow KK.CG-A y/ J (obese) mice at 6, 12, 18, and 24 wk of age were compared using qRT-PCR and Western blotting techniques.
MATERIALS AND METHODS

Reagents
Custom-designed primers were obtained from the DNA facility of the Office of Biotechnology at Iowa State University. D-Glucose, 2-b-mercaptoethanol, 30% acrylamide/0.8% bis-acrylamide, ammonium persulfate, glycerol, [P-18] : sc-30820) antibody was from Santa Cruz Biotechnology (Santa Cruz, CA). Donkey anti-goat secondary antibody was purchased from Pierce Biotechnology (product SA5-10085; Rockford, IL). Restore PLUS Western blot stripping buffer was purchased from Thermo Scientific (Rockford, IL).
Animal Procedures
All experimental protocols and procedures were approved by the Iowa State University Animal Care Committee (IACUC). At 4 wk of age, female normal wild-type non-agouti (a/a; designated lean; n ¼ 20) and agouti lethal yellow (KK.Cg-Ay/J; designated obese; n ¼ 20) mice were purchased from the Jackson Laboratory (Bar Harbor, ME) and housed at the animal facility at Iowa State University under controlled room temperature (218-228C) and lighting (12L:12D) cycle. All animals had ad libitum access to feed and water. Body weight was measured once weekly. Glucose tolerance testing followed by euthanasia and ovary collection were performed at 6, 12, 18, or 24 wk of age (n ¼ 5 per group).
Estrous Cyclicity Monitoring
To determine any changes in the estrous cycle, fresh, wet unstained vaginal smears were examined daily using a model DMI300B fluorescent microscope (Leica, Vienna, Austria) for 14 consecutive days prior to the end of each time point (at 12, 18, and 24 wk). Classification of estrous cycle stages was based on the presence or absence of leucocytes and nucleated and cornified epithelial cells as previously described [35] . Briefly, a stage was classified as proestrous if the vaginal smears were characterized by mostly small, round nucleated epithelial cells, some cornified epithelial cells, and no to few leucocytes. Estrus was when vaginal smears were characterized by the presence of numerous large, cornified cells with degenerate nuclei. During metestrous, vaginal smears were characterized primarily by the presence of many leucocytes and a few cornified cells. In diestrous, vaginal smears were populated largely by many polymorphonuclear leucocytes and few nucleated epithelial cells.
Glucose Tolerance Testing
At the end of each experimental time point (6, 12, 18 , and 24 wk of age; n ¼ 4 per treatment per time point), a glucose tolerance test was performed. Mice were weighed and placed in separate cages with access to water but not feed for 16 h (overnight) prior to the test. Glucose solution (0.25 g/ml; 2.5 g of Dglucose in 10 ml of purified water [Milli-Q; Millipore Corp., Billerica, MA]) was prepared the day before the test and left to stand at room temperature overnight. Blood from the lateral saphenous vein was collected to determine fasting blood glucose (at time designated 0 min), followed by intraperitoneal injection (1g/kg of body weight) of glucose solution. Blood from the lateral saphenous vein was used to measure blood glucose concentration at 30, 60, 90, and 120 min after the injection, using a hand-held glucometer.
Tissue Collection
At the end of each experimental time point (6, 12, 18 , and 24 wk of age; n ¼ 4 per treatment per time point), mice were euthanized in their proestrous phase by CO 2 asphyxiation. Ovaries were collected, trimmed of excess fat and weighed. One ovary was fixed in 4% paraformaldehyde for histology and follicle counts while the other ovary was stored in RNAlater at À808C for RNA and protein expression studies.
RNA Isolation
Total RNA was isolated from one half of each sample ovary, using the RNeasy mini kit (n ¼ 4 per treatment per time point [Qiagen]) according to the manufacturer's procedure. Briefly, tissues were lysed and homogenized using a hand-held homogenizer. The homogenate was then applied to a QIAshredder column placed in a collection tube and centrifuged at 10 000 rpm (12 197 3 g) for 2 min at room temperature. The flow-through was then applied to an RNeasy Mini column, allowing RNA to bind to the filter cartridge. Following washing, RNA was eluted from the filter, using RNase-free water, and concentrated by using an RNeasy MinElute kit. The concentration was determined using an ND-1000 spectrophotometer (k ¼ 260/280 nm [NanoDrop Technologies, Inc., Wilmington, DE]).
First-Strand cDNA Synthesis and Quantitative Real-Time PCR
An equal amount (0.5 lg) of total RNA was reverse transcribed to cDNA by using Superscript III reverse transcriptase (Invitrogen) according to the manufacturer's protocol. Two microliters of diluted cDNA (1:25) were amplified with a Mastercycler ((Eppendorf AG, Hamburg, Germany) using Quantitect SYBR Green PCR kit and primers specific for mouse Tnfa, Tnfr1 (p55), Tnfr2 (p75), Il1b, Il6, Nos2, Cd3e, Cd4, Cd8b, Emr1, Ccl2, Ccl5, Chuk, Ikbkb, Rela (for sequences see ref. [36] ), Gapdh, Il1rn, Il10, Ikbkg, Nfkb1, Star, Cyp11a1, Cyp19a1, Era, and Erb (for sequences see Table 1 ). The PCR cycling program consisted of a 15-min hold at 958C and 40 cycles of denaturing for 15 sec at 958C, annealing for 15 sec at 588C, and an extension at 728C for 20 sec. Product melt conditions were determined by using a temperature gradient from 728C to 998C with a 18C increase at each step. Three replicates of each sample (n ¼ 4) were included. The relative mRNA expression for each of the above-mentioned genes was normalized using the Gapdh housekeeping gene, and relative fold change calculated using the 2 ÀDDCT method. Results are presented as mean fold change 6 standard error relative to that of the lean matched control group.
Protein Isolation and Western Blot Analysis
Total ovarian protein was isolated from all 4 animals per group, and Western blotting was performed as previously described with 4 randomly selected samples per time point [36] . Briefly, ovaries were homogenized in 300 ll of ice-cold extraction buffer followed by two rounds of centrifugation each for 15 min at 9300 relative centrifugal force (RCF) at 48C. Protein concentration was determined using a standard BCA protocol, and absorbance values were detected with a k ¼ 560 nm excitation on a Synergy HT multidetection microplate reader using KC4 software (Bio-Tek Instruments Inc. Winooski, VT). Total protein (25 lg) was separated using 10%-12% SDS-PAGE, and electrotransfer of proteins from the gel to a nitrocellulose membrane was performed for 1.2 h at 100 V. The membranes were stained with Ponceau S to visualize the amount of total protein transferred in each lane. To reduce nonspecific binding, membranes were preincubated for 2 h on a rocker at room temperature in a blocking buffer containing 5% non-fat dried milk, 5 M NaCl, 20 mM Tris-HCl, and 0.15% Tween-20, pH 8. Membranes were probed using a specific primary antibody against anti-STAR (1:1000 dilution), anti-CYP11A1 (1:1000 dilution), anti-3b-HSD (1:500 dilution), anti-aromatase (1:500 dilution), anti-pIjBa Ser32/36 (1:500 dilution), antipIKKa/b Ser176/180 (1:250 dilution), anti-pNFjBp65 Ser536 (1:100 dilution) diluted in 5% BSA in Tris-buffered saline with Tween-20 (TTBS) overnight at 48C. After being washed three times (5 min each) in TTBS, membranes were incubated at room temperature for 1 h with HRP-conjugated suitable secondary antibodies (1:10 000) against the primary antibodies. Membranes were washed three times in TTBS followed by a single wash in Tris-buffered saline (TBS). Autoradiograms were visualized on X-ray film in a dark room following a 5-to 10-min incubation of membranes with 13 SignalFire ECL reagent (Cell Signaling Technology). Densitometry of the appropriate sized bands was measured using molecular imaging software (version 5.0; Carestream Health Inc., Rochester, NY), which eliminates background noise. Values were normalized to Ponceau S staining.
Histology and Follicle Counting
Ovaries were fixed in 4% paraformaldehyde overnight, transferred to 70% ethanol, and processed at the Iowa State University veterinary medicine histopathology laboratory. Each ovary was dehydrated and embedded in paraffin blocks. The entire ovary was serially sectioned (5 lM), and every sixth section was mounted and stained with hematoxylin and eosin (H&E). The number of healthy follicles in every sixth section throughout the entire ovary was determined using direct counts on all consecutive 5-lm sections in both lean and obese female mice. using a DMI300B fluorescent microscope (Leica). A follicle was considered healthy if it contained a distinct oocyte nucleus. A follicle was classified as a primordial follicle if its nucleated oocyte was surrounded by a partial or complete layer of squamous granulosa cells. A primary follicle contained a single layer of cuboidal granulosa cells surrounding its oocyte. A follicle whose nucleated oocyte was surrounded by multiple layers of granulosa cells was classified as a secondary follicle. A follicle was classified as a preovulatory follicle if its nucleated oocyte was surrounded with at least two layers of granulosa cells and a fluid-filled antrum.
Statistical Analysis
Statistical analysis was performed using the unpaired t-test function of Prism version 5.5 software (GraphPad, LaJolla, CA) with a statistical significance level set at P , 0.05.
RESULTS
Obesity Increases Body Weight and Fasting Blood Glucose in the Lethal Yellow Mice Relative to That of Their Controls
There were no differences in body weight between control and lethal yellow mice at 6 wk. From 12 wk of age onward, a progressive increase (P , 0.05) in body weight was observed in the lethal yellow mice compared to their controls (Table 2) ; 
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thus, from this point onward, the controls are designated lean and the lethal yellow mice are designated obese. Increased (P , 0.05) fasting blood glucose in lean females was compared to that in obese females from 12 wk onward (Table 2 ). In addition, glucose tolerance testing revealed that relative to lean mice, obese mice had reduced clearance of glucose following 2 h of a glucose bolus challenge at 12, 18, and 24 wk (data not shown). There was no effect of obesity on ovarian weight across the time points of this study (Table 2) .
Progressive Obesity Alters Estrous and Diestrous Phases Without Altering Overall Length of the Estrous Cycle
To evaluate the impact of progressive obesity on estrous cyclicity, fresh, wet unstained vaginal smears obtained daily for 14 consecutive days prior to the end of each time point (12, 18 , and 24 wk) from both lean and obese mice were examined (Table 3) . There was no impact of obesity on proestrus or metestrus or on the overall length of the estrous cycle; however, at both 18 and 24 wk, obese mice displayed a decrease (P , 0.05) in the length of the estrous phase and an increase (P , 0.01) in length of the diestrous phase relative to their lean counterparts (Table 3) .
Obesity Decreases the Number of Healthy Primordial and Primary Follicles in Female Mice
The impact of obesity advancement on the number of ovarian healthy follicle populations was determined (Fig. 1) . Ovaries from obese mice had decreased (P , 0.05) numbers of healthy primordial (Fig. 1A) and primary (Fig. 1B) follicles at 12, 18, and 24 wk of age as compared to ovaries from their lean matched controls. Although there was no impact of obesity on secondary follicles across time points, at 18 wk, there was a tendency (P ¼ 0.07) for an increased number of healthy secondary follicles in ovaries of obese mice relative to their lean counterparts (Fig. 1C) . Interestingly, obesity increased (P , 0.05) the number of antral follicles at 12 and 24 wk but not at 18 wk (Fig. 1D ). To rule out any impact of genotype on follicle number, ovaries examined at 6 wk of age, when there are no differences in body weight, and no differences in any follicle type number were observed between the two strains of mice (Fig. 1, A-D) . Interestingly, the numbers of primordial NTEEBA ET AL.
and small primary follicles were also decreased in lean mice with aging ( Fig. 1, A and B) .
Obesity Alters mRNA Expression of Ovarian Steroidogenic Enzymes in Mice
The impact of continuing obesity on mRNA expression of genes encoding enzymes involved in ovarian steroidogenesis (Fig. 2) was examined. At 6 and 24 wk, there were no difference in Star mRNA levels between ovaries from lean and obese mice; however, at both 12 (P , 0.0001) and 18 (P , 0.05) wk, obesity reduced ovarian Star mRNA abundance ( Fig.  2A) . There was no impact of obesity on ovarian Cyp11a1 mRNA levels at any time point tested in this study (Fig. 2B) . We observed a decrease in Cyp19a1 mRNA levels in ovaries obtained from obese mice relative to their matched controls across all time points (Fig. 2C) . We further investigated the impact of progressive obesity on the two estrogen receptors (Fig. 1, D and E) . At 6 and 12 but not at 18 or 24 wk of age, ovaries from obese mice had increased (P , 0.05) Era mRNA levels compared to their respective lean controls (Fig. 2D) . Furthermore, progressive obesity increased (P 0.01) Erb mRNA expression from 12 wk onward (Fig. 2E) .
Progressive Obesity Alters Protein Expression of Ovarian Steroidogenic Enzymes in Mice
No differences in STAR protein expression between the two groups were observed at 6 wk of age; however, ovaries from obese mice had decreased STAR protein levels compared to ovaries from their matched lean controls at 12 (P , 0.01), 18 (P , 0.05), and 24 (P , 0.01) wk of age (Fig. 3A) . Although there were no differences in CYP11A1 protein expression between the 2 groups at 6 or 18 wk, a decrease (P , 0.01) in CYP11A1 protein levels was observed at 24 wk of age in ovaries from obese females (Fig. 3B) . In contrast, at 12 wk of age, ovaries from obese mice had increased (P , 0.001) CYP11A1 protein levels compared to those from lean mice (Fig. 3B) . We did not find any differences between lean and obese females in 3b-HSD protein levels for all time points tested during this study (Fig. 3C) . Interestingly, at 6 wk of age, increased (P , 0.05) ovarian CYP19A1 protein levels were observed in the lethal yellow mice relative to the lean group (Fig. 3D) . Although there was no impact of obesity on CYP19A1 protein level at 12 wk; there was a tendency (P , 0.1) for decreased CYP19A1 protein expression in the obese mice compared to their lean counterparts at 18 and 24 wk (Fig.  3D) .
Impact of Progressive Obesity on Relative mRNA Expression of Ovarian Immune Cells, Inflammation, and NF-jB Pathway Members in Mice
The expression profiles of immune cell infiltration and inflammatory marker genes were investigated over the temporal pattern of obesity onset and advancement (Table 4) . The mRNA levels of Tnfa, p55, p75, Cd3e, Cd8eb1, F4-80, Ikbkb, Ikbkg, and RelA were not affected by obesity (Table 4) . However, the mRNA levels of Nos2, a marker for oxidative stress, was increased at 6 (P , 0.01), 18 (P , 0.01), and 24 (P , 0.001) wk of age (Table 4) . Additionally, the mRNA expression of the anti-inflammatory gene Il10 was increased (P , 0.05), with obesity at both 18 and 24 wk (Table 4) . Further still, the mRNA expression of Il1b was decreased at 12 and 24 (P , 0.05) wk but increased at 18 (P , 0.01) wk with obesity. Ovaries from obese mice also showed a marked decrease in Il1ra mRNA at 12 (P , 0.0001), 18 (P , 0.0001), and 24 (P , 0.01) wk compared to ovaries from lean matched mice. Cd3 mRNA was increased (P , 0.05) by obesity only at 24 wk. At 12 wk, obesity decreased (P , 0.01) Cd4 mRNA, but at 18 wk, Cd4 mRNA was increased (P , 0.05) with obesity. Although Mcp1 (P , 0.001) and Ccl5 (P , 0.01) mRNA levels were decreased by obesity at 12 wk, at 24 wk only Mcp1 was decreased (P , 0.001) by obesity. Of the NF-jB pathway members tested in this study, only Ikaka (P , 0.001) and Nfkb1 (P , 0.05) mRNA levels were decreased by obesity at 18 wk (Table 4) .
Progressive Obesity Increases Ovarian Protein Expression of NF-jB Pathway Members in Mice
There was no effect of progressive obesity on phosphorylated IKKa/b Ser176/180 protein levels across time points (Fig.  4A) . However, phosphorylated IjB Ser32/36 protein level was decreased in lethal yellow mice (P , 0.01) at 6 wk but (6, 12, 18 , and 24 wk of age), ovaries were removed from lean or obese mice, and total RNA was isolated (n ¼ 4 per treatment per time point) and reverse transcribed to cDNA. mRNA levels of Star (A), Cyp11a1 (B), Cyp19a1 (C), Era (D), and Erb (E) were quantified by quantitative RT-PCR. After normalization to Gapdh, relative fold change was calculated using the 2 ÀDDCT method. Results are given as mean fold change 6 SE relative to that of lean matched control value of 1 6 SE. *Different from control at P , 0.05; P , 0.1.
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increased at 12 (P , 0.01) and 24 (P , 0.05) wk in obese females relative to their lean littermates (Fig. 4B) . Similarly, ovarian pNF-jBp65
Ser536 was reduced in the lethal yellow mice at 6 wk (P , 0.05) but increased (P , 0.01) by obesity from 12 wk onward (Fig. 4C) .
DISCUSSION
Obesity is associated with impaired fertility [13, 37, 38] , which often phenotypically presents as higher incidences of poor oocyte quality [39, 40] , irregular menstrual cycles [41, 42] , anovulation [43] , and increased miscarriage rates [44, 45] ; suggestive of derangements in ovarian folliculogenesis and steroidogenesis. Additionally, obesity is associated with lowgrade inflammation, which if not properly regulated, can lessen reproductive function [46, 47] . The main objective of this study was to determine the impact of obesity onset and progression on the expression profiles of immune cell and inflammation markers as well as the NF-jB and steroidogenic pathway members in murine ovaries. The lethal yellow mouse, a model of progressive obesity was used to compare gene expression beginning at 6 wk of age when there is no reported difference in body weight between genotypes [48] , which we confirmed in this study.
Beginning at 12 wk of age, a progressive increase in body weight among the lethal yellow mice compared to their a/a matched controls was observed. Increased fasting blood glucose was also evident as body weight increased from 12 wk onward. Glucose tolerance testing revealed that relative to FIG. 3 . Obesity impacts protein abundance of ovarian steroidogenic enzymes. At the end of each experimental time point (6, 12, 18 , and 24 wk of age), ovaries were removed from lean (L) or obese (O) female mice, and total ovarian protein was isolated (n ¼ 3-4 per treatment group per time point). Western blotting was performed to measure STAR (A), CYP11A1 (B), 3b-HSD (C), and CYP19A1 (D) protein levels. Densitometry of the appropriate bands was performed using Carestream molecular imaging software and normalized to Ponceau S staining prior to statistical analysis. Bars represent means 6 SEM; *significant differences from respective lean group at P , 0.05; ¼ P , 0.1. Ponceau S loading control is indicated by LC.
their age matched controls, obese mice had reduced clearance of glucose following a glucose bolus challenge at 12, 18, and 24 wk (data not shown). We did not measure blood insulin levels in these animals because previous data showed that the lethal yellow mice have increased circulating insulin and leptin levels compared to those of age-matched lean controls from 12 wk onward [48] , matching our phenotypic data. Thus, elevated fasting blood glucose, insulin levels [48] , and reduced glucose clearance rate indicate that these mice have compromised peripheral insulin sensitivity.
Obesity impacted ovarian cyclicity by decreasing the length of time spent in estrus with a concomitant increase in the length of the diestrous phase. The impact of obesity on the estrous cycle has been previous reported in rats [49, 50] . In agreement with our results, high-fat diet (HFD)-fed obese rats exhibited longer diestrous but shorter estrous stages compared to chow fed lean animals [50] . Physiologically, the ovarian steroids predominantly associated with estrous and diestrous phases are E2 and P4, respectively [51] . Therefore, shorter estrous stages may imply lower E2 levels whereas longer diestrous stages could imply higher P4 levels in obese females. In premenopausal females, an inverse relationship between E2 and body mass index has been reported [52] [53] [54] , and higher P4 levels have been observed in obese rodent models [50] . Taken together, these data suggest that alterations in the estrous cycle during obesity could impact ovulation and subsequently compromise the reproductive capacity of obese females.
In order to separate the phenotypic effects of obesity from the A y/ J genotype on folliculogenesis, we included a 6-wk-old group in which we observed no differences in body weight from the a/a genotype mice. Importantly, also at this time point, there were no differences in the number of any follicular stage, and numbers were in a similar range as we have previously reported in these two strains of mice [55] . However, despite a lack of any impact of progressive obesity on ovarian weight, fewer primordial and primary follicles, and increased numbers of tertiary follicle subtypes was present as body mass increased. These data are in agreement with those of our previous study in which 20-wk-old obese mice which were found to have reduced primordial and small primary but increased numbers of secondary and antral follicles [55] .
Furthermore, Sprague-Dawley rats fed a HFD for 18 wk demonstrated a decreased number of primordial follicles but increased number of developing and atretic follicles [56] . This difference in follicle populations could indicate increased activation of primordial follicles. This scenario is possible because obesity is associated with elevated insulin levels, obese females have higher levels of insulin in their follicular fluid [57] , and insulin administration promoted primordial to primary transition in neonatal rat ovaries [58] .
Several studies have reported an inverse relationship between steroid hormone level and primordial follicle activation [59] [60] [61] [62] . E2 levels are lower in HFD-induced obese rats [49] and obese females [52] [53] [54] and reduced E2 levels stimulated primordial follicle activation from the resting into the growing follicular pool [60, 61] . In mice [60, 62] and in neonatal rats [59] , administration of E2 or P4 was associated with impaired primordial follicle assembly and decreased numbers of both primordial and primary follicles. Further still, increased activation of ovarian phosphatidylinositol-3 kinase (PI3K) signaling [1, 63] , which we have previously reported to be altered during HFD-induced obesity [64] , is involved in early stages of folliculogenesis. Therefore, it is possible that the observed low numbers of primordial follicles and higher numbers of growing follicles observed in ovaries from obese relative to lean mice is indicative that obesity triggers changes in the intrinsic ovarian signals responsible for initiation of follicle activation and recruitment.
Ovarian steroidogenesis is mediated by FSH and LH through the action of several enzymes including STAR, CYP11A1, 3b-HSD, and CYP19A1. In the testes, during PI3K activation, insulin inhibited cAMP-induced STAR, CYP11A1, and 3b-HSD gene expression [65] . However, conversely, insulin induces steroidogenesis in ovarian somatic cells cultured in vitro [66, 67] . We found that obesity has differential effects of the expression profiles of genes involved in ovarian steroidogenesis. With the exception of CYP19A1 protein expression, which was increased at 6 wk of age in the lethal yellow mice, potentially indicating early onset of puberty, there was no impact of genotype (6 wk of age) on levels of ovarian steroidogenic enzymes (mRNA or protein). Progressive obesity decreased both Star mRNA and protein OVARIAN GENE EXPRESSION IS IMPACTED BY OBESITY levels, indicating that the rate-limiting step in steroidogenesis could be compromised during an obese state. Additionally, despite its increase in the early stages of obesity (at 12 wk), CYP11A1 protein expression was markedly downregulated with progressive obesity, reaching a 50% reduction by 24 wk of age. Era mRNA levels were increased at 6 and 12 in obese females, while Erb mRNA levels were elevated from 12 onward due to the obese phenotype, suggesting a temporal pattern of E2 receptor response to increased body mass. 3b-HSD protein levels were unchanged, but Cyp19a1 mRNA and protein were both negatively impacted by obesity. Whether, these alterations result in increased levels of androgens cannot be answered by the current study, but taken together, these results indicate that obesity may alter ovarian steroidogenesis, contributing to the reproductive disorders experienced by obese females. Our data also reveal a temporal effect of obesity on ovarian steroidogenic genes underscoring the importance of considering the time point at which data is collected when interpreting obesity-associated ovarian impacts. Ovarian steroids may vary depending on energetic conditions of the cell [68] and inflammatory changes [69] , both of which are effected by obesity. Elevated TNF-a and IL-6 levels have been reported in the follicular fluid of obese women [70] , whereas obesity-induced increased Tnfa expression has been observed in human adipose tissue [71, 72] , muscle [73] , rat adipose tissue [74] , mouse muscle, and adipose tissues [75] . IL -FIG. 4 . Ovarian NF-jB pathway member protein levels are affected by obesity. At each time point (6, 12, 18 , and 24 wk of age), total ovarian protein was isolated from both lean (L) and obese (O) female mice. Western blotting was performed to quantify pIKKa/b Ser176/180 (A), pIjB Ser32/36 (B), and pNF-jB p65 Ser536 (C) protein levels. Densitometry of the appropriate bands was performed using Carestream molecular imaging software and normalized to Ponceau S staining prior to statistical analysis. Bars represent means 6 SEM; *significant differences from respective lean group at P , 0.05. Ponceau S loading control is indicated by LC.
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6 , through its ability to modulate cAMP, can regulate ovarian steroid production [23] and ovulation [76, 77] . TNF-a and IL-1 can also stimulate ovarian P4 production [21, 23] and regulate ovarian cell differentiation, proliferation, and apoptosis [21] as well as inflammation [78] . Derangements in these inflammatory pathways have been linked to various reproductive disorders [20, 79] . For example, elevated levels of IL-6 have been associated with ovarian hyperstimulation syndrome [25, 26] , tumor cell activation [29] , and chemotherapeutic resistance [80] . Furthermore, IL-6, in conjunction with TNF-a and IL-1b, has been associated with ovarian neoplasia [27] .
Changes to all immune cell infiltration and inflammation markers were not observed. Similar to previously reported elevations in nitric oxide synthase 2 (Nos2) mRNA in animal models of obesity [81, 82] , we observed a temporal increase in Nos2 mRNA in ovaries of obese mice compared to their lean littermates. Nos2 is a marker for oxidative stress, dysregulation of which has been linked to impaired ovulation [83] , ovarian cancer [84] , endometriosis [85] , and infertility [86] . Similarly, ovarian mRNA expression of the anti-inflammatory gene Il10 was increased by obesity. In contrast, obesity decreased Il1ra mRNA, a modulator of the proinflammatory actions of IL-1. Interestingly, Il1b mRNA was decreased at 12 and 24 wk, but subsequently increased at 18 wk with obesity. Also, although both Mcp1 and Ccl5 mRNA levels were decreased by obesity, only the decrease in Mcp1 was maintained. MCP1 is involved in ovarian follicular development, steroidogenesis, ovulation, and atresia [23] . Interpreted locally, these mRNA results would suggest a downward trend in expression profiles of both immune cell infiltration and inflammatory markers. Despite no observed alteration to Tnfa, it is possible that the protein level may have been altered. Taken together, these results indicate that progressive obesity alters inflammatory members and that these changes may have negative consequences for ovarian function.
The mammalian NF-jB family, is made of five proteins: RelA (p65), RelB, c-Rel, NF-jB1 and NF-jB2 carrying a Relhomology domain [87] . Currently, there are two known activation pathways for the NF-jB activity: the canonical pathway which is activated by proinflammatory cytokines including TNF-a and other TNF cytokines [87] . Before activation, the inactive NF-jB complex is localized in the cytoplasm, bound to IjB proteins such as IjBa, IjBb, and IjBc, which block its nuclear localization sequence function of the Rel-homology domain [87] . During the canonical activation pathway, proinflammatory cytokines, work through different TNF receptors (TNFR) and Toll-like receptorinterleukin-1 receptor (IL-1R) superfamilies to activate the IjB kinases (IKKs) [87] . Like the IjB complex, the IKK complex is mainly made up of two catalytic subunits, IKKa and IKKb and a regulatory subunit IKKc. Activated IKK proteins can catalyze the phosphorylation of IjB proteins mainly at the serine 32 and 36 sites of IjBa, leading to proteasome degradation of the IjB complex and subsequent release and translocation of the NF-jB proteins to the nucleus [87, 88] . Once in the nucleus, the NF-jB proteins will bind and activate transcription of several genes particularly those involved in immune and inflammatory cascades [87, 88] .
Although progressive obesity did not impact the mRNA expression profiles of TNF-a-NF-jB pathway members as previously observed during HFD-induced obesity [36] , we found that obesity advancement increased abundance of protein expression of the NF-jB pathway member proteins pIjB Ser32/ 36 and pNF-jB p65 Ser536 , indicating increased activation of NF-jB signaling pathway in ovaries of obese mice. Surprisingly, before the onset of obesity (at 6 wk of age), ovaries from the lethal yellow mice displayed a marked decrease in pIjB Ser32/36 and pNF-jB p65 Ser536 proteins compared to nonagouti (a/a) mice, potentially indicating that the Ay/J genotype has some culpability; it is more likely, however, that even though no differences in body weight are detectable at this age point, changes in central metabolism have been activated; this is strengthened by the fact that the lethal yellow mice displayed increased CYP19A1, a marker that puberty onset is impending at an earlier time than the control genotype.
NF-jB pathway is activated in response to inflammatory responses [87, 89] ; therefore, its sustained activation in ovaries from obese mice is indicative of aggravated inflammatory signaling, which in turn is associated with a number of ovarian pathologies [30, 90] including polycystic ovary syndrome, endometriosis [30, 91] , and premature ovarian failure [22] . Additionally, because inflammatory signals can influence generation of reactive oxygen species and oxidative stress [20] , ovarian steroid production and ovulation [21, 22, 76, 77] as well as cell differentiation, proliferation and apoptosis [21] , deregulation of inflammatory signals in the ovary may adversely impact tissue function and pose dire consequences for female fertility.
In conclusion, our results indicate that progressive obesity alters the expression of inflammatory and steroidogenesis signaling pathway members in ways which could alter optimal ovarian function. The data herein are novel in that physiological changes that occur at both the onset and progression of obesity were studied, and dietary composition was not altered between the mouse strains. In addition, the importance of studying ovarian changes during obesity progression is demonstrated by the dynamic alterations to signaling pathways observed. Manipulation of dietary treatments to lessen obesity presents as an attractive intervention approach for future experiments. These observations underscore the importance of the temporal pattern of ovarian signaling pathway changes that are induced by increasing body mass and the accompanying metabolic changes.
